Abstract. Epimedium, a traditional Chinese herb, has been used for the remedy of coronary heart disease, impotence and osteoporosis in traditional oriental medicine. However, despite extensive pharmacological studies, the molecular mechanism of the anti-heart failure effect of epimedium is little known. In the present study, we investigated the pharmacological action mechanism of ethanol extract of epimedium (EPI-ext) on isoproterenol-induced congestive heart failure (CHF) in rats. Isoproterenol administration resulted in severe heart failure, as shown by the increased levels of left ventricular (LV) weight index and heart rate, as well as LV end diastolic pressure, and by the decreased levels of LV systolic pressure, maximal rate of LV pressure rise, and maximal rate of LV pressure decline. EPI-ext dose-dependently reversed the changes of these cardiac morphometric and hemodynamic parameters. In addition, EPI-ext significantly inhibited the serum levels of tumor necrosis factor α, norepinephrine, angiotensin II and brain natriuretic peptide in rats with CHF and improved the histological changes including cadiocyte hypertrophy, cadiocyte degeneration, inflammatory infiltration, and cardiac desmoplasia. Furthermore, the expression and activities of matrix metalloproteinase-2 and -9, which regulate collagen production, were also blocked by EPI-ext. Moreover, myocardial apoptosis was remarkably attenuated by EPI-ext through the regulating Bcl-2/Bax axle. In conclusion, EPI-ext ameliorates LV dysfunction and cardiac remodeling through down-regulating matrix metalloproteinase-2 and -9 activity and myocardial apoptosis in rats with CHF.
Introduction
Congestive heart failure (CHF) is a severe cardiovascular disease with increasing incidence and prevalence. Despite recent advances in CHF therapy, mortality remains high (1) . Therefore, new therapeutic remedies or approaches are needed to decrease morbidity and mortality in heart failure patients. CHF is invariably associated with cardiac hypertrophy, and the changes in the cardiac remodeling (shape and size of cadiocyte) are often considered to explain cardiac dysfunction in CHF. Noteworthy, left ventricular (LV) remodeling is a dynamic response of the heart to injury and a critical component in the development of CHF. There is increasing evidence that inhibition of cardiac remodeling may be a promising novel therapeutic approach for the treatment of CHF (2) (3) (4) . Several lines of evidence both from various experimental models of CHF and from patients with different types of CHF have indicated that the elevated matrix metalloproteinase (MMP) activity and myocardial apoptosis are responsible for cardiac remodeling (5) (6) (7) . Some previous studies have indicated that both the angiotensinconverting enzyme inhibitors and ß-blocking agents improve cardiac function in failing hearts through attenuating changes in cardiac remodeling such as sarcolemma, sarcoplasmic reticulum, and myofibril enzyme activities (4, 8, 9) . It is suggested that cardiac remodeling is an excellent target for the development of improved drug therapy for CHF. Thus, inhibition of cardiac remodeling may be a promising novel therapeutic approach for the treatment of CHF.
On the other hand, epimedium, a traditional Chinese herb, is widely used for treating various diseases including coronary heart disease, impotence and osteoporosis (10) (11) (12) . Epimedium is one representative of traditional Chinese medicine derived from Shen Nong Ben Cao Jing, a pharmaceutical classic in China. Extract of epimedium has been shown to have a protective role in experimental myocardial infarction in rats (13) , and it also enhances the proliferation of splenocytes and thymocytes (14) . In addition, the major active substances of epimedium include icariin, epimedoside, icariside, breviflavone and ikarisoside, most of which possess anti-hepatotoxic, immunomodulatory, anti-tumor, antidepressant and anti-oxidant activities (15) (16) (17) (18) (19) (20) . However, the molecular mechanism of the anti-heart failure effect of epimedium is poorly understood. In the present study, we investigated the effect of ethanol extract of epimedium on CHF induced by isoproterenol in rats. The mechanisms were then elucidated in terms of MMP production and myocardial apoptosis.
Materials and methods
Animal model and echocardiography measurements. Adult, healthy, male Sprague-Dawley rats (230-280 g) were chosen for the induction of experimental heart failure using a modified isoproterenol administration method (21) . Briefly, all rats received two subcutaneous injections (separated by a 24-h interval) of 170 mg isoproterenol per kg of body weight. Echocardiography was performed on animals 4 weeks after completion of the injection protocol to evaluate the degree of The heart failure in the rats. Rats were anesthetized with pento-barbital sodium (35 mg/kg i.p.), then the chest was shaved and the rat was placed in the supine position. Transthoracic echocardiography was performed with a Sonos 5500 and a 7.5-MHz transducer (Hewlett-Packard). The heart was imaged in the 2-dimensional mode in short-axis view of the LV at the level of the papillary muscle. All rats with an ejection fraction >45% were excluded after the echocardiography examination (22) . The remaining rats, with an ejection fraction <45%, were randomly divided into five groups: control group (n=15), metoprolol 8 mg/kg/day group (n=12), EPI-ext 50 mg/kg/day group (n=11), EPI-ext 100 mg/ kg/day group (n=10), EPI-ext 200 mg/kg/day group (n=12). The drugs were given i.g. at the specified doses for 8 weeks. Then, the animals were anesthetized in order to measure hemodynamic parameters including LV systolic pressure (LVSP), LV end diastolic pressure (LVEDP), maximal rate of LV pressure rise (dp/dt max ) and maximal rate of LV pressure decline (dp/dt min ). The animals were then sacrificed using intravenous pentobarbital sodium (100 mg/kg). The hearts were removed, weighed, and rinsed in ice-cold normal saline. The ventricles were separated from the septum and weighed. Transmural samples from LV were processed immediately or stored in liquid nitrogen for later analysis. Animal welfare and experimental procedures were carried out strictly in accordance with the Guide for the Care and Use of Laboratory Animals (The Ministry of Science and Technology of P.R. China, 2006) and the related ethical regulations of our hospital.
Hemodynamic measurements. After anesthetic induction, the left carotid artery was exposed through blunt dissection and cannulated with a saline-filled catheter. The catheter was attached to a pressure transducer and introduced into the LV in order to measure LVSP, LVEDP, dp/dt max and dp/dt min . All hemodynamic data were recorded on a BL-410 biological functional experimental system (Taimeng Science and Technology Co. Ltd., Chengdu, P.R. China) and analysed by BL-NewCentury software.
Drugs and reagents. The crude drug was purchased from Nanjing Medical Material Co. (Nanjing, P.R. China) and identified as Epimedium brevicornum Maxim. (Yin-YangHuo) by Dr Yue Song (China Pharmaceutical University, Nanjing, P.R. China). The ethanol extract of epimedium (EPI-ext) used in this study was extracted by a common method. Briefly, the material (100 g) was extracted twice with 5-fold volumes of ethanol (500 ml) at 70˚C for 1 h each time. The supernatants from each extraction were mixed and centrifuged at 1500 g, then the precipitation was discarded and the supernatant was lyophilized to obtain a powder (yield 23.1%, w/w). The extract used was from the same stock solution in each experiment, thus minimizing the possible variations in the concentration of the active components that occur between extract preparations. The main component in EPI-ext was determined by HPLC as 16.7% (w/w) icariin. The powder was dissolved in water for in vivo assay by gavage oval administration to the rats. The following materials were used: isoproterenol (Sigma); metoprolol tartarte (AstraZeneca); a kit for determining serum tumor necrosis factor α (TNF-α, General Hospital of the Liberation Army, Radioimmunity Center, Nanjing, P.R. China); angiotensin II (Ang II, Beijing North Biotech Co. Ltd., Beijing, P.R. China); brain natriuretic peptide (enzyme immunoassay goat anti-rat BNP, Adlitteram Diagnostic Laboratories, Inc. USA); ELISA kit for rat norepinephrine (NE, RapidBio Lab., Calabasas, CA, USA); 96-well culture plates (Nunclon); RPMI-1640 (Gibco BRL); new bovine serum (NBS, Hangzhou Sijiqing Co. Ltd., Hangzhou, P.R. China); mouse anti-Bcl-2 monoclonal antibody, mouse anti-Bax monoclonal antibody and anti-α-tubulin (Santa Cruz Biotechnology), and cleaved caspase-3 and cleaved caspase-9 antibodies (Cell Signaling Technology).
Histologic analysis. Formalin-fixed, paraffin-embedded ear tissue was sectioned at 5 mm in thickness, and the sections were stained with hematoxylin and eosin (H&E) and masson, respectively. Histopathologic scoring was performed using a range from 0 (no change) to 4 (most severe) to evaluate congestion, edema, and inflammatory cell infiltration by a pathologist who had no prior knowledge of the induction of heart failure or other experimental data.
Reverse transcriptase-polymerase chain reaction (RT-PCR)
and real-time PCR. Total RNA was extracted from frozen left ventricular tissue using Trizol reagent (Invitrogen) as described by the manufacturer. Single-stranded cDNA was synthesized from 2 μg of total RNA by reverse transcription using 0.5 μg primer of oligo(dT) 18 . Then the amplification was performed using the following primers (Invitrogen, Shanghai, P.R. China): GAPDH (GenBank Access no. NM_017008) 5'-TAT CGGACGCCTGGTTAC and 3'-CGTTCAAGTTGCCGT GTC, MMP-2 (GenBank Access no. NM_031054) 5'-GGA GGCACGATTGGTCTG and 3'-TCTGGTACGCCTTTG GTT, MMP-9 (GenBank Access no. NM_031055) 5'-CTG CGTATTTCCATTCATC and 3'-GAGATTTGGACTGGG TTCC. The PCR cycle conditions were: 94˚C for 30 sec, 58˚C for 30 sec and 72˚C for 30 sec for 28 cycles. After the amplification, PCR products were separated by electrophoresis on 1.5% agarose gels and visualized by ethidium bromide dying. RNA without reverse transcription did not yield any amplification; therefore, no genomic DNA contamination occurred. For quantitative real-time PCR analysis, message levels were quantified using the ABI PRISM 7000 Sequence Detection System (Applied Biosystems Inc.). Amplification was carried out in a total volume of 20 μl for 40 cycles with the same PCR condition mentioned above and the product was detected using SYBRGreen I dye (Molecular Probes Inc., OR). Samples were run in triplicate, and their relative expression was determined by normalizing expression of each target to GAPDH, and then comparing this normalized value to the normalized expression in a reference sample to calculate a fold-change value.
Gelatin zymography assay. Analysis by zymography on gelatin gel allows detection of the enzymatic activity of the secreted collagenases MMP-2 and -9 (23). Briefly, protein was extracted from frozen LV tissue and aliquots containing 10 μg of protein were mixed with 10 μl sample buffer [62.5 mM Tris-HCl containing 10% glycerol, 0.00125% bromophenol blue and 12% sodium dodecyl sulfate (SDS)] without a reducing agent, and they were subjected to SDS-PAGE in 5% polyacrylamide gels that were co-polymerized with 2 mg/ml of gelatin at 4˚C for 1 h. After electrophoresis, the gels were washed twice in the rinsing buffer (50 mM Tris-HCl containing 2.5% Triton X-100, 5 mM CaCl 2 , 1 μM ZnCl 2 , 0.05% NaN 3 ) for 1 h at room temperature to remove SDS. Then, they were incubated for 36 h at 37˚C in the incubation buffer (50 mM Tris-HCl containing 5 mM CaCl 2 , 1 μM ZnCl 2 , 0.05% NaN 3 ). The gels were stained with 0.1% Coomassie brilliant blue R250 for 30 min, and destained for 8 h in a solution of 10% acetic acid and 10% isopropanol. The proteolytic activity was evidenced as clear bands (zones of gelatin degradation) against the blue background of stained gelatin.
DNA fragmentation analysis. The electrophoresis of DNA fragmentation was performed as previously described (24) .
Western blot analysis. Protein was extracted from frozen left ventricular tissue. Protein concentration was determined by using a bicinchoninic acid protein assay reagent (Pierce; Rockford, IL) and bovine serum albumin as a standard. Aliquots containing 30 μg of protein were loaded on 10% SDS-PAGE. Proteins were transferred to a polyvinylidene difluoride membrane. The membrane was then incubated in blocking solution (5% dry milk in PBS/0.05% Tween-20) for 1 h at room temperature and subsequently exposed to antibodies overnight at 4˚C. The next day the membrane was washed with 0.05% Tween-20 in PBS and incubated with peroxidase-conjugated goat anti-mouse or goat anti-rabbit IgG for 2 h at room temperature. The transferred proteins were visualized with X-ray film.
HPLC analysis of the content of icariin in the ethanol extract of epimedium. All the content tests were applied on the Waters 600 pump, with a 2487 ultraviolet-vis detector, an online degasser, and a 5-μl injection loop. EPI-ext was applied to a C18 column (Kromasil, 4.6x250 mm, 5 μm) and eluted with CH 3 OH/H 2 O (45/55, v/v). The effluents were detected under 275 nm. Column temperature was set at 25˚C and the flow rate was 1 ml/min. For peak assignment, the standard compound (icariin) was applied to HPLC and eluted under the same chromatographic conditions as those used in EPI-ext. The peaks representing constituents of EPI-ext were identified by comparing their retention time with the standard compounds. The peak areas and the relative contents were calculated using Empower™ workstation.
Statistical analysis.
Results are presented as means ± SEM. Data were statistically evaluated by the Student's t-test when only two value sets were compared, and one-way ANOVA followed by Dunnett's test when the data involved three or more groups. P<0.05 was considered to be significant.
Results

EPI-ext ameliorated isoproterenol-induced CHF in rats
Cardiac morphometric parameters and hemodynamic parameters. As shown in Table I , isoproterenol administration resulted in severe heart failure, as shown by the increased levels of LV weight index (LVWI) and heart rate (HR), as well as LV end diastolic pressure (LVEDP), and by the decreased levels of LV systolic pressure (LVSP), maximal rate of LV pressure rise (dp/dt max ), and maximal rate of LV pressure decline (dp/dt min ). Against these, EPI-ext dose-dependently reversed the changes of these cardiac morphometric and hemodynamic parameters. The positive control metoprolol also ameliorated LV dysfunction. Plasma cytokines. EPI-ext significantly reduced the plasma levels of TNF-α, NE, Ang II, and BNP in a dosedependent manner in rats with CHF caused by isoproterenol (Table II) .
Histopathological changes. EPI-ext remarkably improved the histological changes including cadiocyte hypertrophy, cadiocyte degeneration, inflammatory infiltration, and cardiac desmoplasia (Fig. 1) . The improvement in metoprolol-treated rats was also significant (Fig. 1) . Table I . Cardiac morphometric and hemodynamic parameters in rats 12 weeks after isoproterenol injection treated either with normal saline, metoprolol or various doses of EPI-ext. --------------------------------------------------------------------------------------------------- 
-----------------------------------------------------------------------------------------------------Parameter Normal (n=8) Isoproterenol injection ------------------------------------------------------------------
Control Metoprolol EPI-Low EPI-Middle EPI-High (n=10) (n=8) (n=9) (n-8) (n=8) -
----------------------------------------------------------------------------------------------------
BW, body weight; LVW, left ventricular weight; LVWI, left ventricular weight index; HR, heart rate; bpm, beats per minute; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end diastolic pressure; dp/dt max , maximal rate of LV pressure rise; dp/dt min , maximal rate of LV pressure decline. Normal, normal rats without isoproterenol injection; control, model rats treated with normal saline after isoproterenol injection; metoprolol, model rats treated with 8 mg/kg of metoprolol after isoproterenol injection; EPI-Low, - Table II . Plasma cytokine parameters in rats 12 weeks after isoproterenol injection treated either with normal saline, metoprolol or various doses of EPI-ext.
- Fig. 2A , MMP-2 and -9 mRNA expression of LV was pronouncedly increased in model rats with CHF caused by isoproterenol. Against this, EPI-ext significantly downregulated MMP-2 and -9 mRNA expression in a dosedependent manner. This result was further confirmed by real-time PCR (Fig. 2B) . Moreover, the activities of MMP-2 and -9 were also suppressed by EPI-ext using gelatin zymography assay (Fig. 2C) .
Parameter Normal (n=8) Isoproterenol injection --------------------------------------------------------------------- Control Metoprolol EPI-Low EPI-Middle EPI-High (n=10) (n=8) (n=9) (n-8) (n=8) ----------------------------------------------------------------------------------------------------- TNF-α (pg/ml
-----------------------------------------------------------------------------------------------------
EPI-ext reduced MMP-2 and -9 expression and activities of LV in rats with CHF caused by isoproterenol. As shown in
EPI-ext inhibited myocardial apoptosis of the LV in rats
with CHF caused by isoproterenol. The oligonucleosomal fragmentation of myocardial DNA from rats with CHF was shown in a DNA ladder pattern in agarose gel electrophoresis (Fig. 3A, control) . Treatment with EPI-ext significantly prevented DNA laddering. The protein expression of Bax, cleaved caspase-9 and cleaved caspase-3 in the control group increased compared with that in the normal group, whilst Bcl-2 expression decreased significantly. Against these, EPIext reversed these changes (Fig. 3B) .
The content of icariin in EPI-ext. As shown in Fig. 4 , the main component in EPI-ext was determined by HPLC as 16.7% (w/w) icariin.
Discussion
Cardiac remodeling is a dynamic response of the heart to injury and a critical component in the development of CHF. There is increasing evidence that inhibition of cardiac remodeling may be a novel drug target for the treatment of CHF (4). Epimedium is a traditional Chinese medicine currently being evaluated for the treatment of cardiovascular diseases. However, little is known of the mechanism by which it exerts a protective role in heart failure. In the present study, we first investigated the therapeutic efficacy of ethanol extract of epimedium (EPI-ext) in rats with CHF induced by isoproterenol. We observed that EPI-ext significantly improved LV function, inhibited inflammatory cytokine production and MMP activity, and reduced myocardial apoptosis. The effect of EPI-ext on LV morphology, remodeling and function was comparable to the effect observed with the positive control ß-blocking agent metoprolol, which has a beneficial effect in the treatment of heart failure (9, 25) .
CHF in the rats induced by isoproterenol is accompanied by myocardial dysfunction (21) . In the present study, EPI-ext significantly improved the following hemodynamic parameters: LVSP, LVEDP, HR, dp/dt max and dp/dt min in rats with CHF (Table I) . Importantly, histological examination of LV sections from the control rats without medication showed marked cadiocyte hypertrophy, cadiocyte degeneration, inflammatory infiltration, and cardiac desmoplasia (Fig. 1) . Treatment with EPI-ext dose-dependently reduced the extent of heart damage and especially inhibited collagen hyperplasia and LV fibrosis. Cardiac remodeling in rats with CHF is characterized by interstitial and perivascular deposition of fibrillar collagen leading to cardiac muscle stiffness and LV dysfunction and hence, to progressive cardiac dysfunction and heart failure (26) . Fibrosis in the myocardium is a major determinant of cardiac remodeling in ischemic cardiomyopathy (27) . In the present study, EPI-ext also dosedependently decreased the content of hydroxyproline in LV (data not shown). In line with the results from Masson staining (Fig. 1) , we confirmed that EPI-ext impaired LV fibrosis in rats with CHF. Thus, we demonstrated that EPI-ext significantly improved LV systolic and diastolic function and attenuated LV fibrosis in rats with CHF induced by isoproterenol.
Isoproterenol-induced heart failure is thought to be a suitable model of CHF. LV dysfunction and cardiac remodeling play a crucial role in the process of CHF. Noteworthy, heart failure induced by isoproterenol results in the elevation of various plasma cytokines including TNF-α, NE, Ang II and BNP, which are responsible for the development of CHF (28) (29) (30) (31) . TNF-α is a cytokine that may play a role in the pathogenesis of heart failure. In patients with heart failure, increased levels of TNF-α were observed that were high enough to reduce cardiac contractility in vitro. The mortality of heart failure patients increases with higher levels of TNF-α. For these reasons, inhibition of TNF-α appears to be a valid target for the improvement of heart failure therapy (28) . Inhibition of NE in plasma has been proved beneficial for patients with chronic heart failure (29) . Ang II, frequently elevated in CHF patients, contributes to decreased arterial distensibility (30) . BNP, a peptide hormone secreted chiefly by ventricular myocytes, plays a key role in volume homeostasis. The plasma concentration of BNP is raised in various pathological states, especially heart failure. Many studies suggest that the measurement of plasma BNP has clinical utility for excluding a diagnosis of heart failure in patients with dyspnea or fluid retention and for providing prognostic information in those with heart failure or other cardiac disease (31) . In line with the results from hemodynamic and histological examination, EPI-ext significantly reduced the plasma levels of TNF-α, NE, Ang II, and BNP in a dose-dependent manner in rats with CHF. These findings suggest that EPI-ext attenuates LV dysfunction and cardiac remodeling.
MMPs are an endogenous family of proteolytic enzymes implicated in cardiac remodeling. Gene expression and gelatinolytic activity of MMPs in the LV were significantly increased in experimental myocardial infarction in mice (32) , in hypertensive rats (33, 34) , in rats with progressive heart failure (7), and, most importantly, in patients with heart failure (5, 35) . Previous studies demonstrated that pharmacological inhibition of MMPs resulted in suppression of cardiac remodeling in animal models of CHF (7, 36, 37) . In addition, there is evidence that the beneficial effects of angiotensinconverting enzyme inhibitors on cardiac remodeling is due to the inhibition of collagen synthesis as well as the influence on MMPs, particularly MMP-2 (38) . Taking these findings into account, there is no doubt that MMPs play a crucial role in promoting cardiac remodeling. Considering the expression and activities of MMP-2 and -9 were also blocked by EPI-ext (Fig. 2) , it is conceivable to assume that in our study EPI-ext exerted an inhibitory effect on MMP-2 and -9, leading to the prevention of cardiac remodeling and dysfunction.
Myocardial apoptosis has been causally linked to the pathogenesis of heart failure (39, 40) . Some apoptotic proteins including Bcl-2, Bax and caspase-3 are involved in the development of myocardial apoptosis (40) . Bcl-2 family proteins may be either pro-or anti-apoptotic including Bcl-2, Bcl-xl, Bax, and Bid. Bcl-2 itself inhibits apoptosis in response to a wide variety of signals and overexpression of Bcl-2 can protect cardiac myocytes (41) . Bax, on the contrary, is a pro-apoptotic protein of the Bcl-2 family and a Figure 4 . HPLC analysis of the content of icariin in EPI-ext. EPI-ext was applied to a C18 column and eluted with CH 3 OH/H 2 O (45/55, v/v). The effluents were detected under 270 nm. Column temperature was set at 25˚C and the flow rate was 1 ml/min. For peak assignment, the standard compound icariin (A) was applied to HPLC and eluted under the same chromatographic conditions as those used in EPI-ext (B). The peaks representing constituents of EPI-ext were identified by comparing their retention time with the standard compounds.
decreased Bcl-2/Bax ratio has been shown to increase the probability for myocardial cell apoptosis (42) . Caspases, a subclass of cysteine proteases that cleave substrates after aspartic acid residues, are central to the execution of apoptosis (43) . Cardiac myocytes undergo apoptosis in response to a myriad of stimuli including ß-adrenergic agonists (44) , Ang II (45), TNF-α (46) and so on. Several studies in rats and humans with heart failure have demonstrated that inhibition of myocardial apoptosis provided beneficial effects on cardiac remodeling and LV function (47, 48) . In our study, myocardial apoptosis was obviously induced by isoproterenol injection. EPI-ext remarkably inhibited cadiocyte DNA fragmentation and attenuated myocardial apoptosis by down-regulating Bax, caspase-9, caspase-3 expression and up-regulating Bcl-2 expression of cadiocytes (Fig. 3) . We speculate that EPI-ext reduced cardiac remodeling at least in part by inhibiting myocardial apoptosis. Considering icariin is one of the major components of epimedium, we demonstrated that there was 16.7% (w/w) of icariin in EPI-ext. However, whether the anti-heart failure effect of EPI-ext is due to icariin needs further investigation.
In conclusion, EPI-ext significantly improved LV remodeling and function in rats with CHF induced by isoproterenol. The beneficial effect of EPI-ext in animal models of CHF may be mediated at least in part by the inhibition of elevated MMP-2 and 9 activities as well as myocardial apoptosis and this effect contributes to the amelioration of CHF diseases in clinical conditions.
